ABSTRACT The diurnal ßights of Reticulitermes spp. have been reported to occur in the spring and early fall in northern California. From the spring of 1994 until the fall of 2001, we collected hundreds of alates of Reticulitermes spp. cuticular hydrocarbon phenotypes CA-A/AЈ and CA-D during ßights from multiple locations in the San Francisco Bay Area. As predicted, there were two ßight seasons: one in the spring from February to May and one in the fall from October to December. The ßights in the spring were made only by phenotypes CA-A/AЈ; those in the fall exclusively included phenotype CA-D. These disparate ßight times indicate that reproductive isolation is complete and provide further biological evidence that phenotypes CA-A and CA-AЈ are variants of one taxon and are distinct from CA-D.
STUDIES OF Reticulitermes spp., a Holarctic genus of ecologically and economically important subterranean termites, are constrained by the antiquated state of the taxonomy of this genus. Much of the taxonomic and biogeographical information on Reticulitermes spp. was developed early in the last century (Banks and Snyder 1920 , Light 1934 , Pickens 1934a , b, Banks 1946 , Miller 1949 , Snyder 1954 , and there is agreement that the genus needs revision (Weesner 1970 , Nutting 1990 , Scheffrahn and Su 1994 , Thorne 1999 .
Termite taxonomy is a complex issue (Clé ment et al. 2001) . Termites often lack features that facilitate speciÞc diagnoses, are extremely plastic, and exhibit considerable morphological variation (Light 1927) . Determination of species of Reticulitermes based on morphology has proven difÞcult for our studies in northern California (Haverty et al. 1996a , 1999aÐ c, 2000 , Getty et al. 2000a ). According to the published descriptions, keys, and bionomic information relevant to alates of R. hesperus and R. tibialis, the main distinguishing characteristics are body and wing membrane coloration (Banks and Snyder 1920 , Pickens 1934b , Weesner 1965 , Nutting 1990 ) and the shape of the post clypeus and color of the tibiae (Clé ment 1978) . To quote Pickens (1934b) , "the reproductives are even more difÞcult to recognize, although on comparison R. tibialis is found to be a deeper black." Wing coloration is characterized as either brownish gray, or colorless or tinged with brown (Nutting 1990) .
No objective character state or discrete or continuous measurement is presented to unequivocally identify a given specimen to species. Vague and subjective color differences may be more apparent to some observers than others. Furthermore, geographical distribution may not be meaningful as part of the description of a species so easily transported by human activity. It is hoped that more reliable and deÞnable characters can be found by using a variety of methods to differentiate the insects and to determine whether or not they can be named as distinct species. That is our goal in using chemical and behavioral characters to study Reticulitermes. Such characteristics might also be more biologically meaningful.
To make progress in our studies of Reticulitermes spp. and circumvent the difÞculty with keys, our group has used characterization of cuticular hydrocarbons to help delineate taxa. There is a growing body of evidence suggesting that termites have species-speciÞc mixtures of cuticular hydrocarbons (Page et al. 2002) . Repeatable chemical phenotype groups and support-ing biological information are needed to conÞrm that cuticular hydrocarbon phenotypes represent distinct taxa (Haverty et al. 1999a ,b, Clé ment et al. 2001 , Nelson et al. 2001 . Until taxonomic descriptions are published and new species named, we must rely on the assignment of cuticular hydrocarbon phenotype labels to Reticulitermes spp. in California .
Biogeographical information describes R. hesperus Banks as the predominant species in northern California. R. hesperus has been reported to occur along the PaciÞc coast and throughout the northern portion of California into the Sierra Nevada, as well as in portions of Oregon, Washington, Idaho, and Nevada (Light 1934 , Pickens 1934a , Weesner 1970 . Pickens (1934a, b) claimed that R. hesperus coexists with R. tibialis Banks in the inland valleys of California and is displaced by R. tibialis in the desert areas of California and the Great Basin. We feel this information is outdated, and the distribution of these and other species of Reticulitermes has undoubtedly changed dramatically since these descriptions were published.
Recent chemosystematic studies of Reticulitermes indicated Þve cuticular hydrocarbon phenotypes occur in northern California . Characterization of the soldier defense secretions of these phenotypes corroborates the status of three of them (CA-B, CA-C, and CA-D) as distinct taxa, whereas CA-A and CA-AЈ seem to be variants of the same taxon but different from CA-B, CA-C, and CA-D (Nelson et al. 2001) . The three most common phenotypes, CA-A, CA-AЈ, and CA-D, are sympatric in the San Francisco Bay Area .
The diurnal ßights of R. hesperus have been reported to occur in the spring and early fall. Spring ßights have been reported to be diffuse and usually follow periods of rainfall on clear, sunny afternoons. In contrast, the fall ßights are purported to be very conspicuous, with thousands of alates emerging from many colonies simultaneously (Pickens 1934a , Weesner 1956 , 1970 . There is no indication in the literature that these two ßight seasons might involve different species of Reticulitermes. The only clue to confusion of species status involved difÞculties in assigning alates collected in Nevada to either R. hesperus or R. tibialis (Weesner 1970) .
We report here the results of characterization of the cuticular hydrocarbons of Reticulitermes alates collected from 1994 to 2001 during ßights in northern California from the San Francisco Bay Area east to Placerville in the foothills of the Sierra Nevada and north to Cloverdale. Our results provide further support for the hypothesis that the cuticular hydrocarbon phenotypes CA-A and CA-AЈ of Reticulitermes represent a distinct taxon, or species, that is distinguishable from CA-D. (Tables 1 and 2 ). On several occasions we made collections from multiple sites on the same residential property on the same date; we consider these collections as one collection. Occasionally, we were able to collect Reticulitermes spp. alates from monitoring stations or from laboratory cultures that we used in studies of the foraging ecology, agonistic behavior, or baits for control of Reticulitermes spp. (Lewis et al. 1998 , Haverty et al. 1999a , b, 2000 , Getty et al. 2000a . After collection, alates were frozen, air-dried, and sent to our laboratory in Albany, CA, for characterization of the cuticular hydrocarbons.
Materials and Methods

Collection of
Characterization of Cuticular Hydrocarbons. Cuticular hydrocarbons were characterized by extract- ing samples of 20 Ð30 Reticulitermes spp. alates that had been dried again at 70ЊC for up to 1 h. We identiÞed all cuticular hydrocarbons in each collection by GS-MS; extraction, separation, characterization, and labeling of cuticular hydrocarbons were identical to that reported for Reticulitermes spp. workers from northern Califorina . Each collection was assigned to a phenotype previously described for Reticulitermes spp. . Voucher specimens for each hydrocarbon phenotype were previously deposited in the Essig Museum, University of California, Berkeley (Haverty et al. 1999a ). Display of Flight Patterns. The number of collections, by phenotype, was charted as a function of month of the year. To provide a smoothed representation of the ßight dates, a kernel in the shape of a normal distribution with an SD of 7.5 d was placed over each observed ßight date (Silverman 1986 ). The contributions from each ßight date were averaged for each day in the 8-yr period. The choice of the SD was arbitrary, but it was chosen so that the middle 95% of the normal kernels would cover Ϸ30 d, which corresponds approximately to Ϯ2 SD.
Results and Discussion
We made 40 separate location/date collections (Tables 1 and 2). Only three cuticular hydrocarbon phenotypes were found: CA-A, CA-AЈ, and CA-D (Figs.  1Ð3) . The cuticular hydrocarbon mixtures of the alates are qualitatively identical to those of the workers as reported by . Alates have not yet been collected from the less common phenotypes, CA-B and CA-C, found in the Sierra Nevada .
There were two ßight seasons: a spring ßight from early February to early May and a fall ßight from early October to mid-December. The ßights in the spring were comprised exclusively of phenotypes CA-A and CA-AЈ; ßights in the fall only included phenotype CA-D (Fig. 4 ; Tables 1 and 2) .
Cuticular hydrocarbon mixtures of alates have been reported to be qualitatively similar to those of pseudergates or workers of Neotermes mona (Banks) , Zootermopsis nevadensis (Hagen) (Haverty et al. 1988) , Coptotermes formosanus Shiraki (Haverty et al. 1996b) , and Nasutitermes acajutlae (Holmgren) (Haverty et al. 1996c collected from the same colonies. Therefore, it is reasonable to assign alates of Reticulitermes spp. collected in ßight to a particular phenotype or taxon, especially when the hydrocarbon mixtures are qualitatively identical.
Six species of Reticulitermes are currently recognized in the Nearctic (Snyder 1954 , Weesner 1970 , Nutting 1990 ). All are diurnal ßiers, but the time of year when they ßy is stated to "vary somewhat from species to species, from area to area, and from year to year" (Weesner 1970 ). Both R. hesperus and R. tibialis were reportedly observed ßying at the same time in the San Joaquin Valley in California (Pickens 1934b ). Weesner (1970) addresses the variability of ßight times in both R. hesperus and R. tibialis and concedes the difÞculty of assigning species identity to insects collected outside their accepted territory. The limits of the territories are said to overlap in the inland valleys of California, but one can conclude that the limits are not clearly deÞned and are unlikely to be static.
According to Weesner (1956) , ßights of R. hesperus in the San Francisco Bay Area usually occur both immediately after the initial fall rains and in the early spring. Pickens (1934a) further speciÞed that ßights characteristically occur on the Þrst clear day that follows rain, under conditions of high soil moisture and warm air temperatures. This agrees with our observations, except we see distinct groupings of taxa in spring and fall. Other species of Reticulitermes have disparate ßight seasons. Weesner (1970) reported that outdoor ßights of R. flavipes occur in the spring, most frequently in April and May, whereas the ßights of the sympatric species R. virginicus or R. hageni occur later under similar conditions. Nutting (1969) found that R. tibialis in Arizona ßies during summer above 4,000 ft in elevation and during the winter below this elevation. These disparate ßight seasons reported for R. tibialis by Nutting (1969) probably reßect the behavior of different taxa (Haverty et al. 1999c) . Nutting (1969) suggested a parallel between termite colonies and sessile organisms; wings have been retained by the sexual adults of one caste for a single, seasonal migration, or dispersal ßight, much like the dispersal of seeds by plants. Alates seem ready for ßight within a few days after molting into adults, yet ßight is essentially a seasonal phenomenon. Flights occur during the season of the year and time of day when conditions are most favorable for colony establishment (Nutting 1969) . Elevated soil moisture is distinctly advantageous to the dealated adults of subterranean termites because it expedites excavation of their nuptial chamber and provides moisture during the critical period of the incipient colony (Nutting 1969) . In the primitive termites, speciÞcally the Kalotermitidae and Termopsidae, alates may be present in the nests continuously throughout the year. Species of these families usually nest entirely within a single piece of wood, enter the wood through beetle exit holes or cracks and crevices, and do not rely heavily on moisture. There may be periodic peaks, but ßights by these species are not precisely synchronized with seasonal changes (Nutting 1969) . Mayr (1942) introduced the biological species concept. He deÞned species as "groups of actually or potentially interbreeding natural populations, which are reproductively isolated from other such groups." Currently, the biological species concept is the most widely used deÞnition of species. Populations or groups of populations are reproductively isolated if gene ßow between them is prevented by biological differences, or barriers to gene ßow, called isolating mechanisms (Futuyma 1998) . Reproductive isolation is most convincing if the populations are sympatric (Freeman and Herron 1998) . What could be more demonstrative of reproductive isolation or species status than the temporal isolation of adults of sympatric populations? Seasonal isolation is the most common prezygotic barrier to gene ßow (Futuyma 1998) .
These disparate ßight intervals provide a reproductive isolating mechanism and further evidence that phenotypes CA-A and CA-AЈ constitute a taxon distinct from CA-D. This information, along with supporting data on distinct cuticular hydrocarbon and soldier defense secretion proÞles and agonistic behavior toward different phenotypes (Haverty et al. 1999a , Getty et al. 2000b , Nelson et al. 2001 ) convinces us that CA-A/AЈ and CA-D represent different species. There is no evidence of hybridization among these cuticular hydrocarbon phenotypes. Reproductive isolation seems to be complete.
We do not know what situation or situations caused the populations to become reproductively isolated (allopatric or sympatric speciation) or to curtail gene ßow that eventually led to the divergent behavior and reproductive isolation. There is always the possibility that one of these species is exotic. Certainly hundreds or thousands of small populations of Reticulitermes have been introduced to new habitats around the world in the last 150 yr because of the activities of humans (Freeman and Herron 1998) . The success of the Formosan subterranean termite, Coptotermes formosanus Shiraki, testiÞes to the potential for invasion of exotic species of subterranean termites. However, there must be a precise Þt for species with seasonally deÞned dispersal periods. If critical factors, such as ample soil moisture, are not present at the time of alate dispersal, the exotic is not likely to succeed.
At Þrst it may seem that the Reticulitermes samples collected in northern California since the days of Banks and Snyder (1920) are a single, morphologically uniform species. Now we know that these Reticulitermes include two or more populations that occupy the same area but do not interbreed. Until a detailed, modern morphological study is completed, these phenotypes might be considered sibling species. Variations in ecology or behavior are usually the Þrst indications of sibling species (Futuyma 1998) , and we hope that morphological differences will be found later by which they can be distinguished. The evidence is mounting that these Reticulitermes from this general locality comprise two species. They have two distinct states (i.e., cuticular hydrocarbon phenotypes CA-A/CA-AЈ and CA-D) but no intermediates. Like most features, cuticular hydrocarbon mixtures are polygenically inherited (Coyne et al. 1994 , Dallerac et al. 2000 , Takahashi et al. 2001 . However, because the two phenotypes differ in a number of other bimodally distributed features (soldier defense secretions and ßight times) and the characters are consistently correlated, our suspicion that these are two species grows stronger as the number of such distinguishing features increases (Futuyma 1998) . Based on the characterization of the cuticular hydrocarbons from collections of topotypes from the type locality, Little Bear Lake (now called Lake Arrowhead) in the San Bernadino Mountains of California (Snyder 1949 ), we will designate CA-A as R. hesperus (M. I. H. and L. J. N., unpublished data).
